Abstract Hepatoma cells are a candidate cell source for bio-artificial livers. However, they exhibit reduced liver functions compared with primary hepatocytes. In our previous study, genetically engineered mouse hepatoma cells were created by transduction with vectors mediating inducible overexpression of eight liver-enriched transcription factors. Upon the induction of the liver-enriched transcription factors transduced, the cells expressed both phenotypic and genotypic liver functions at high levels. In the present study, we performed three-dimensional culture of these cells using macroporous gelatin beads. When immobilized on the macroporous gelatin beads, these cells exhibited further enhancement in liver functionality, including increased albumin secretion, ammonia removal and cytochrome P450 activity. The levels of these functions were significantly enhanced compared to monolayer culture. The method is simple and scalable, and provides highly functional cells that can be used in basic and applied fields of hepatic research.
Introduction
The liver is the largest and one of the most vital organs, responsible for important metabolic functions and eliminating toxic substances from the human body (Allen et al. 2001) . In cases of liver failure, both acute and chronic, the only known curative procedure is liver transplantation. While survival rates after transplantation have increased over the years, the shortage of donor organs has become a considerable problem in the medical world. Alternatives to whole liver transplantation are being investigated, in the hope of alleviating donor organ shortages. Some of these alternatives include cell transplantation, implants, transgenic xenotransplantation, and bio-artificial liver devices (Chamuleau et al. 2005) . Bio-artificial liver devices (BALs) are generally extracorporeal support systems that incorporate functional hepatic cells into bioreactors. The choice of cellular components in BALs is an important issue, as hepatic cells should undertake a wide array of functions. The bioreactor design also needs careful consideration, to provide for efficient transport of nutrients, an environment that allows for cell-cell interaction, and to be scalable to an effective size for therapy.
Primary hepatocytes are considered the ideal cellular component for BALs, but like donor organs, are in limited supply. Additionally, current protocols are unable to maintain the high level of metabolic function of primary human hepatocytes for more than few hours (Kidambi et al. 2009 ). Primary hepatocytes can be passaged when exposed to certain small-molecules, but current methods do not allow serial passage or long-term storage (Shan et al. 2013) . This inability to be cultured for long periods has led to the investigation of alternative cell sources. The differentiation of hepatic cells from induced pluripotent stem cells and embryonic stem cells has made significant progress in recent years, but the resulting cells tend to have low metabolic and detoxification capabilities (Si-Tayeb et al. 2010 ). Hepatoma cells, or cells derived from liver carcinoma, are considered to be alternative cell sources. Hepatoma cell lines, such as HepG2 and Huh7, are readily available and simple to culture. However, such cell lines generally have low expression and function of cytochrome P450, which is responsible for drug metabolism. In a previous study (Yamamoto et al. 2012) , we used overexpression of liver-enriched transcription factors (LETFs) to develop genetically engineered hepatoma cells that exhibit inducible liver functions, named Hepa/8F5 cells. The genes encoding the eight chosen LETFs, hepatocyte nuclear factor (HNF)-1a, HNF-1b, HNF3b (FOXA2), HNF-4a, HNF-6, CCAAT/enhancer binding protein (C/EBP)-a, C/EBP-b and C/EBP-c, were transduced into this hepatoma cell line as druginducible expression cassettes. The hepatic functionality of Hepa/8F5 cells was further enhanced by culturing them as spheroids. However, the creation and culture of spheroids takes considerable time, and is difficult to scale up to the cell mass required for BALs. This would limit the available number of spheroids, and their liver function capabilities. In this study, three-dimensional structures were formed by cells attached to the surface of macro-porous gelatin beads. This allowed for increased expression of liver functions in a manageable time frame, and could be easily scaled up.
Materials and methods

Cell culture
Hepa/8F5 cells were grown in high-glucose Dulbecco's modified Eagle's medium (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% fetal bovine serum, 0.1 mg/mL streptomycin sulfate and 100 U/mL penicillin G potassium (Wako Pure Chemical Industries, Osaka, Japan). Cells were cultured at 37°C in a 5% (v/v) CO 2 humidified incubator.
Macroporous gelatin bead preparation
Commercially available macroporous gelatin beads (Cultispher-S; GE Healthcare Bio-sciences, Pittsburgh, PA, USA) were used for immobilization of Hepa/8F5 cells. Gelatin beads were prepared by rehydrating 0.5 g of Cultispher-S powder with 25 mL of phosphate-buffered saline (PBS). The beads were then autoclaved at 121°C for 20 min, which allowed the beads to form a precipitate. These beads were then transferred to a 50-mL centrifuge tube containing 50 mL PBS (0.01 g/mL). The resulting concentration of beads was approximately 5525 beads/ mL. In 24-well plates, beads concentration per well was approximately 276 beads/mL per well. The beads were stored at 4°C before use in cell culture.
Attachment of cells to beads
Hepa/8F5 cells were statically cultured in monolayer for 3 days in 10 mL medium with doxycycline (Dox; 0.1 lg/mL) in 100-mm cell culture dishes (Thermo Fisher Scientific, Rochester, NY, USA). Rehydrated macroporous gelatin beads were suspended with Hepa/8F5 cells in a 50-mL centrifuge tube with 10 mL cell medium. The tube was immersed in a constant-temperature bath of 37°C with gentle stirring every 30 min, to ensure cell adhesion to the beads. After 3 h of culture, 24-well low-attachment tissue culture plates (Corning, NY, USA) were seeded with the suspension of cells and beads (approximately 276 beads/mL), and subjected to several days of culture.
Observation of cells on beads
Cells immobilized on beads were cultured in the presence of Dox (0.1 lg/mL). On days 1, 6 and 11, beads were observed under a BZ-9000 fluorescence microscope (Keyence, Osaka, Japan). Living cells display a green fluorescence because their transgene cassettes drive expression of enhanced green fluorescent protein (EGFP). For observation of sections of cell-immobilized beads, beads were washed with PBS, fixed in 4% paraformaldehyde and embedded in paraffin. Bead sections were prepared by slicing at a thickness of 4 lm, and staining with hematoxylin and eosin (H&E). The sections were observed under a BZ-9000 microscope (Keyence, Tokyo, Japan).
Liver function analyses
Cells immobilized on beads were cultured in the presence of Dox (0.1 lg/mL). On the final day of culture, the medium was collected as a sample and used to measure liver functions, including albumin secretion, ammonia removal and cytochrome P450 (CYP3A) activity, as previously described (Yamamoto et al. 2012) . These measurement values were normalized to the numbers of cells present, which were calculated from the DNA content in the constructs. The amounts of DNA in the beads were evaluated from lysates of cell-bearing beads prepared by sonication, using a commercially available DNA measurement kit (QuantiFluor dsDNA system; Promega, Madison, WI, USA).
Results
Cell attachment to macroporous gelatin beads
To quantify the adsorption of Hepa/8F5 cells to beads, they were incubated together at a ratio of approximately 100 cells per bead. Samples were removed at 0.5 h intervals, and the number of cells suspended in the medium and immobilized on beads was measured by quantifying the amounts of DNA from lysates of cell-bearing beads prepared by sonication, or from cells suspended in media (Fig. 1a, b) . The maximum adsorption of cells to beads was 38.4% after 2.5 h incubation (Fig. 1c) . However, the difference in cell attachment between 2 h and 3 h incubation was not significant. Therefore, for further experiments, cells were immobilized on beads by incubating them together for 3 h.
Cell seeding density and functionalization on beads Next, we determined the optimal seeding density of cells per bead. Beads and cells were incubated together for 3 h at ratios of 120, 240, 480, 720 or 960 cells per bead. The resulting Hepa/8F5 cellbearing beads were cultured for 5 days in the presence of Dox, to induce transgene expression. On day 5, average total cell numbers for cell ratios of 120, 240, 480, 720 and 960 were 3.4 9 10 4 cells, 4.0 9 10 4 cells, 3.2 9 10 4 cells, 2.0 9 10 5 cells and 2.2 9 10 5 cells, respectively. Their liver functions were then measured. A seeding density of 480 cells/bead produced the highest levels of albumin secretion, ammonia removal, and CYP3A activity, as measured per cell (Fig. 2a-c) . However, a seeding density of 960 cells/bead tended to produce higher levels of albumin secretion and CYP3A activity per bead (Fig. 2d, f) . In contrast, the ammonia removal rate per bead was significantly greater for the 480 cells/bead samples (Fig. 2e ). These results demonstrate that greater cell numbers enhanced detoxification and albumin production functions on a per bead basis, but reduced these functions on a per cell basis. The functional activities measured per cell compared with per bead showed that a seeding density of 480 cells/bead was optimal for enhancing the liver functionality of Hepa/ 8F5 cells.
Long-term culture and expression of liver functions
To test the longevity of their high expression of liver functions, cell-bearing beads were cultured in the presence of Dox and then harvested for functional analyses. Culture time was 15 continuous days with samples being harvested at day 6, 9, 12 and 15. Beads were observed to monitor cell necrosis (Fig. 3a-c) .
Judging from EGFP expression of bead-immobilized cells and later significant liver function per cell amount, the viability of bead-immobilized cells was relatively high. H&E staining of bead-immobilized cells taken at each time point also confirmed the development of tissue-like structures on beads. Large beads tended to be partially covered or encapsulated with cells (Fig. 3d) . Smaller beads tended to have more cells able to penetrate the pores as well as embedded on the surface (Fig. 3e) . The cells, which were successfully attached on beads, tended to form tissue-like structures (Fig. 3f ). Average total cell numbers for day 6, 9, 12 and 15 were 2.1 9 10 4 cells, 1.7 9 10 4 cells, 2.6 9 10 4 cells and 1.4 9 10 5 cells, respectively. Samples were then analyzed for albumin secretion, ammonia removal and CYP3A activity. The levels of liver functions per bead were maintained or enhanced over the 15 day-culture period. Sample measurements per bead showed that all functions had increased significantly at day 15 compared with day 6 (Fig. 4d-f) . However, the levels of liver functions per cell gradually decreased with increasing culture time (Fig. 4a-c) . Since cell density should increase with culture time, these results confirm the trend seen in the cell seeding density experiment, that beads with high cell density exhibited enhanced expression of liver functions, while the expression level per cell decreased.
Discussion
In the liver, LETFs regulate genes related to liver function, and are generally expressed at high levels (Nagaki and Moriwaki 2008) . In a previous study, we successfully established Hepa/8F5 cells, in which liver functions are enhanced when overexpression of eight LETF genes is induced by Dox. When Hepa/8F5 cells were cultured as spheroids in the presence of Dox for 5 days, higher levels of liver functions were seen compared with cells cultured as a monolayer (unpublished data). However, spontaneously formed spheroids took considerable time to produce, and it is not easy to prepare a large number of spheroids while controlling their size to avoid cell necrosis in their cores.
Therefore, in this study, we implemented threedimensional culture of Hepa/8F5 cells by immobilizing them on macroporous gelatin beads. Hepatocytes and hepatoma cells have been previously reported to exhibit high levels of liver functions when maintained using three-dimensional culture techniques (Hamamoto et al. 1998; Chang and Hughes-Fulford 2009; Shan et al. 2013) . Indeed, the Hepa/8F5 cells immobilized on beads in our present study showed increased albumin production, ammonia removal and cytochrome P450 activity. In comparison, monolayer culture exhibited a lower value of 99.9 ± 4.8 pg/ (cellÁday) albumin secretion, 0.147 ± 0.014 pmol/ (cellÁh) ammonia removal and 2.69 ± 0.08 RLU/cell CYP450 activity, on average (Table 1) . These important liver functions reached levels comparable with those in spheroid cultures of the same cells (unpublished data). The enhanced liver functionality is likely due to the increased cell-to-cell interaction that takes place in cell aggregates (Fig. 3f) , which does not occur in monolayer cultures. On the other hand, Hepa/8F5 cells seeded on gelatin beads at the highest density were unable to function as efficiently as those seeded at lower densities. This could be attributable to the poor surface area to volume ratio for highly cell-dense beads, with cells in the core of the bead producing more ammonia than can be removed. Furthermore, the reduced levels of liver functions per cell with increasing culture time could be due to unsuccessful induction of the cells with Dox, as the beads become over-confluent with cells. Thus, there The data shown are the means ± SD (n = 3) appears to be an optimal cell density within the beads for maximizing the liver functionality of Hepa/8F5 cells. Hepa/8F5 cells immobilized on beads could maintain high liver functionality for almost two weeks, and this culture system is easy to scale up as needed. To our knowledge, no studies outside of our own have successfully produced genetically modified hepatoma cells that inducibly express high liver functionality. This approach of combining genetic modification of hepatoma cells with an optimized culture system to induce high liver functionality could be applied to human hepatoma cell lines. Such genetically engineered hepatoma cells could be a new resource for hepatology research, and for the construction of novel bio-artificial liver systems.
